The ubiquitin-proteasome system (UPS) is the primary selective degradation system in the nuclei and cytoplasm of eukaryotic cells, required for the turnover of myriad soluble proteins. The hundreds of factors that comprise the UPS include an enzymatic cascade that tags proteins for degradation via the covalent attachment of a poly-ubiquitin chain, and a large multimeric enzyme that degrades ubiquitinated proteins, the proteasome. Protein degradation by the UPS regulates many pathways and is a crucial component of the cellular proteostasis network. Dysfunction of the ubiquitination machinery or the proteolytic activity of the proteasome is associated with numerous human diseases. In this review we discuss the contributions of the proteasome to human pathology, describe mechanisms that regulate the proteolytic capacity of the proteasome, and discuss strategies to modulate proteasome function as a therapeutic approach to ameliorate diseases associated with altered UPS function. This article is part of a Special Issue entitled: Ubiquitin-Proteasome System. Guest Editors: Thomas Sommer and Dieter H. Wolf.
Introduction
The cellular protein pool is in constant flux. Its composition is defined by the proteostasis network, comprised of ribosomes, chaperones and two proteolytic systems, the lysosome and UPS [1] . These adaptable systems sustain protein homeostasis under a large variety of different conditions such as during oxidative stress, cellular differentiation, varying nutrient supply, exposure to elevated or reduced temperature, and xenobiotic stress. The activities of the different components of the proteostasis network are functionally linked and compensatory strategies are in place to avoid proteostasis collapse if the activity of one or more of the network components declines. Failure or malfunction of the proteostasis network is often associated with human disease [1] . Modulating proteostasis has therefore emerged as a promising new avenue for the development of treatments for diverse diseases such as cancer, neurodegeneration, autoimmunity, cardiomyopathy, inherited diseases caused by partial loss of function mutations, such as cystic fibrosis, and inherited diseases associated with protein misfolding and toxic gain of function.
The UPS is the primary degradation system that mediates the degradation of short-lived regulatory proteins and the removal of damaged soluble proteins. The recognition signal for proteasomal degradation is a ubiquitin chain covalently attached to lysine residues in substrate proteins. Formation of an isopeptide bond between the ε-amino group of substrate lysines and the carboxyl group of the C-terminal glycine of ubiquitin is an ATP-dependent process and is achieved via an enzymatic cascade involving three distinct classes of enzymes: ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3) [2] . The same reaction links additional ubiquitin molecules to the primary ubiquitin via internal ubiquitin lysines, thus creating a ubiquitin chain. A chain of at least four ubiquitins linked via lysine 48 is the classical recognition motif for proteasomal degradation [3] , though chains of other linkage types are now recognized as physiological targeting motifs, and for some substrates multiple monoubiquitin modifications are sufficient for targeting to the proteasome [4, 5] . The proteasome holocomplex or 26S proteasome consists of two entities: a central cylindrical structure with peptide hydrolysis activity (core particle (CP) or 20S proteasome) and a regulatory particle (RP, also known as the regulatory cap, 19S particle, or PA700), required for substrate recognition, removal of the ubiquitin chain and ATP-dependent unfolding.
Medical interest in modulating proteasome function for therapeutic purposes has significantly increased during the past decade since the first proteasome inhibitor, Velcade/Bortezomib, has been approved by the Food and Drug Association (FDA) in 2003 for the treatment of refractory multiple myeloma [6] . Studies that led to the FDA approval demonstrated that the proteasome can be transiently and safely inhibited in humans with anti-tumor activity especially against hematopoietic malignancies [6] . The efficacy of proteasome inhibition for the treatment of cancer is based on its role in regulating cell proliferation and on the exquisite reliance of cancer cells on proteasome function [7] . However, many diseases, especially neurodegenerative diseases are characterized by the accumulation of toxic misfolded proteins and eventual collapse of the proteostasis network. Thus, both proteasome inhibition and activation represent potential avenues for future drug development. During the last two decades many mechanisms that regulate the UPS have been unraveled. Mechanisms that specifically modulate the proteolytic activity of the proteasome are discussed in this review.
Major alternate forms of the proteasome
The central assembly of the proteasome is a cylindrical structure that houses the proteolytic active sites. The cylinder is formed by two different types of subunits, α and β, which are arranged in four stacked heptameric rings enclosing a central cavity. In eukaryotes, seven distinct α subunits are located in the two outer rings of the barrel, and seven distinct β subunits form the two inner rings [8] . Three of the β subunits contain active sites with different peptide cleavage specificities. β1 has a caspase-like specificity, cleaving after acidic residues; β2 is trypsinlike, cleaving after basic residues; and β5 is chymotrypsin-like in cleaving after large hydrophobic residues. Their active sites face the interior of the cylinder. Access to the central cavity is regulated by an adjustable gate that is formed by the N-terminal protrusions of the α subunits [9, 10] . The default status of the CP gate is closed and for proteasomal degradation and substrate access the N-termini need to be displaced from their axial position to reveal a continuous channel leading into the catalytic cavity. Modulation of the gate is a prerequisite for substrate entry into the proteolytic chamber and is mediated by proteasome activators. Several proteasome activators have been described, including the regulatory particle (RP/19S/PA700), activators of the PA28 protein family and Blm10/PA200 activators [11] . All activators share common binding sites on the two outer surfaces of the CP/20S (Fig. 1) . The binding pockets for activators are formed by interfaces of adjacent α subunits. The molecular mechanism of displacing the N-termini of the α subunit, which results in gate opening, appears to be different for the different activator families, and will be discussed below.
It should be noted that in the absence of activators the free CP shows low but detectable activity towards small proteins with intrinsically unstructured regions in the absence of ubiquitination and ATP [12] . The significance of this activity is not understood but it may reflect the occurrence of spontaneous, short-lived opening of the gate at some frequency [13] .
RP-CP: the proteasome holoenzyme
The dominant proteasome activator is the RP. It promotes ATP-and ubiquitin-dependent substrate turnover. The RP can bind to either one or two ends of the CP to form the proteasome holocomplex or 26S proteasome. The RP is composed of 19 integral subunits, which form two biochemically separable sub-complexes, lid and base [14] . The base subcomplex is situated proximal to the CP gate region. It contains six homologous ATPases (Rpt1-Rpt6), which form a hexameric ring. They belong to the AAA family of ATPases. The ring is not planar but has a spiral staircase-like topology, with Rpt3 at the highest and Rpt2 at the lowest position [15] [16] [17] . In addition to the ATPases, the base contains the two largest RP subunits, Rpn1 and Rpn2, and the two ubiquitin-receptors Rpn10 and Rpn13 [18] . The lid consists of nine non-ATPase subunits. One Rpn subunit, Rpn6, appears to contact both the base as well as the α ring and might be a crucial regulator of lid-base assembly [15, 19] . One of the non-ATPases, Rpn11, has deubiquitinating activity and is located in close proximity to the substrate entry pore formed by the ATPase ring [15] . Its deubiquitinating activity is required to promote the degradation of ubiquitinated proteasome substrates [16, [20] [21] [22] .
Cryo-EM studies have defined two conformational states of the RP, ATP-h and ATP-γS. The ATP-h structure, the first to be defined [15, 17] is now seen as likely to represent a basal state of the enzyme. This structure is defined by the presence of ATP in the buffer and the absence of PA200/Blm10 RP/19S/PA700 PA28/11S/REG Fig. 1 . Modular structure of proteasome complexes. The proteasome core particle can be capped with three different activator complexes: the hetero-oligomeric RP/19S/PA700 particle, the monomeric Blm10/PA200 proteins and the heptameric PA28/11S/REG rings (adapted from [11] and [15] with permission). Activators from all three families occupy the same binding site at the apical surface of the CP and open the CP gate.
protein substrate. ATP can be hydrolyzed by these proteasomes, hence the designation ATP-h. However, the exact nucleotide state of ATP-h proteasomes is uncertain, since the attainable resolution at present does not allow for nucleotides to be visualized within the complex. Most likely some combination of ATP and ADP is present among the various ATPase sites of the complex.
ATP-γS proteasomes are defined by the presence of the nonhydrolyzable, or slowly hydrolyzed analog of ATP, ATP-γS. Major rearrangements of the RP are involved in the transition between the ATP-h and ATP-γS forms of the proteasome holoenzyme [17] . A common feature of these rearrangements is that they appear to poise the RP in a conformation better suited to drive substrate degradation. Because the proteasome may engage continuously in ATP hydrolysis, it is possible that it is never bound only to ATP, but rather to a mixture of ATP and ADP. This raises the possibility that the ATP-γS structure might not represent a physiological state of the enzyme. This, however, does not appear to be the case, since a similar form of the RP has been defined by trapping the RP in the presence of ATP and a ubiquitinated substrate that cannot be hydrolyzed due to mutational inactivation of Rpn11 [23] . Thus, the ATP-γS structure may represent the conformation of the proteasome as it is poised to degrade substrate. Among the signature features of the ATP-γS structure are (i) a movement of Rpn11 towards the substrate entry port of the RP, where it presumably releases ubiquitin from the substrate as the substrate is translocated into the RP channel, (ii) a widening of the translocation channel, and (iii) a repositioning of the RP channel so that it is more closely aligned to that of the CP [17, 23] .
Gate opening, and thus proteasome activation by the RP, is promoted by the ATPase ring. Three of the ATPases, Rpt2, Rpt3, and Rpt5, dock into cognate binding pockets within the CP α ring [15, 16] . These subunits contain a characteristic motif at their C-termini, a HbYXmotif [24, 25] , characterized by a hydrophobic residue, a conserved tyrosine at the penultimate position, and a variable C-terminal residue. Previous studies indicate that hepta-peptides containing this motif are able to activate latent isolated CP and thus are sufficient to induce gate opening [24, 26] . Based on these observations and on structural information obtained from a co-crystal structure with another HbYX-motif containing proteasome activator Blm10 (see below) [27] the most likely mechanism by which the HbYX-motif induces gate opening is through a displacement of conserved residues in the binding pockets of the α ring, which leads to long-range structural changes in the N-termini of the α subunits, which constitute the gate. This displacement opens a channel leading into the catalytic chamber. In several alternate forms of the proteasome, the open state of the CP gate is stabilized by interactions between the CP N-termini and elements within the axial pore of the activator complex. This has been shown for two complexes described in more detail below, PA28-CP [10] and Cdc48-CP [28] . These findings suggest that the open state of the CP N-termini may similarly be stabilized by interactions with the residues lining the axial pore of the Rpt ring in the proteasome holoenzyme.
Even though docking of the three HbYX motif-containing ATPases opens the proteasome gate, the resulting entry port does not allow for the passage of folded proteins. Prior to substrate entry, target proteins need to be unfolded, and this activity is provided by the proteasomal ATPases as the substrate is forced through the narrow translocation channel in an ATP-hydrolysis-dependent fashion [29, 30] .
Blm10/PA200-CP
Blm10/PA200 proteasome activators are conserved from yeast to humans and represent monomeric proteins of~250 kDa. They form hybrid complexes in which Blm10/PA200 binds to one end and the RP to the opposite end of the CP cylinder [31, 32] . Their cellular functions are emerging. Blm10 binds to the proteasome during the late phases of CP maturation and, like the RP, Blm10 contributes to the final maturation of CP complexes [33, 34] . One physiological target for Blm10-proteasome complexes has been identified to date, the transcription factor Sfp1, which regulates ribosomal protein genes [35] . Additional studies suggest a potential role for Blm10 in the maintenance of mitochondrial homeostasis [26, 27] , a hypothesis that is supported by data obtained from mice that lack PA200, the ortholog of yeast Blm10. PA200
−/− mice exhibit male fertility defects caused by impaired spermatogenesis [36] , a process involving significant mitochondrial and metabolic changes. Further studies suggest a role for Blm10/PA200 activators in DNA or oxidative damage repair as well as in chromosome stability [31, 37, 38] most likely through ATP-and ubiquitin-independent degradation of acetylated histones in somatic cells [39] . Loss of PA200 in mice also leads to delayed core histone clearance in elongated spermatids [39] . Considering the impaired spermatogenesis of PA200 knock-out mice [36] these data suggest that PA200-mediated degradation of histones might be an essential mechanism for correct sperm formation. The tertiary structure of Blm10/PA200 proteins is characterized by an array of HEAT repeats, which form an elongated solenoid [27] . The repeats make extensive contacts with the α ring surface. A co-crystal structure of reconstituted Blm10-CP complexes showed that Blm10 binding to the CP results in an at least partially open gate [27] . The conformations of the N-terminal residues of four of the α subunits are superimposable with the open gate conformation of PA26-CP complexes [40] . The remaining three N-termini could not be visualized, indicating that they are also displaced from the closed gate conformation. Biochemical and crystallographic data also revealed that Blm10-CP association is mediated by the Blm10 C-terminus [26, 27] . As observed for the proteasomal ATPases, the C-terminus of Blm10 contains a HbYX-motif [26] , and a heptameric peptide derived from the Blm10 C-terminus is sufficient to activate latent CP [26] . The position of the penultimate tyrosine within the CP binding pocket suggests a gate opening mechanism that is shared between the HbYX motif-containing proteasomal ATPases and Blm10.
Crucial for stabilizing the open gate conformation is the position of the conserved residue Pro17 within the α pocket, as first shown by work on the structure of the PA26-CP complex [40] . The penultimate tyrosine of Blm10 forms a hydrogen bond with the main chain oxygen of Gly19, which leads to a displacement of Pro17 and subsequent longrange alterations of the conformation of the α subunit N-termini. These conformational changes in the α subunit N-termini stabilize the open gate conformation. The structural changes within the proteasome gate are sufficient to allow passage of the small, unstructured proteasome substrate tau-441 as demonstrated in vitro [26] and thus gate opening promotes the degradation of certain proteins.
PA28-CP
The PA28/11S/REG proteasome activator family is expressed in higher eukaryotes and some unicellular eukaryotes, notably trypanosomes. In mammals, three different isoforms form two separate activators with different localization, induction and activation properties. PA28α and PA28β are 28-kDa proteins, which form hetero-heptameric rings in vertebrates [41, 42] . They bind to the CP in the cytoplasm or form hybrid complexes, where PA28 binds to one end of the CP and the 19S/PA700 complex to the opposing end [43] [44] [45] . Both subunits are inducible by interferon-γ, which suggested a potential role of PA28αβ in MHC Class I mediated antigen presentation [46] . Indeed, binding of PA28αβ affects the generation and presentation of a subset of viral antigens [47] . Although induced by cytokines, PA28αβ is present at a basal level in all tissues [48] . Thus, the cellular function of this class of proteasome activators has perhaps not been fully elucidated yet. A third PA28 isoform, PA28γ, forms homo-heptameric rings and is found in the nuclei of vertebrates as well as invertebrates [41, 42] . In mice, the loss of PA28γ results in reduced body size, and embryonic fibroblasts derived from these mice exhibit cell cycle defects [49] . Consistent with these findings, PA28γ promotes ATP-and ubiquitin-independent degradation of specific small regulatory proteins such as p21 and SRC-3 [50, 51] .
The two PA28 complexes activate the CP via a common mechanism. As with the proteasomal ATPases, association with the CP is mediated via docking of the PA28 subunits' C-termini into cognate binding pockets within the α subunits [40] . In contrast to the three proteasomal ATPases that dock into the CP surface, and Blm10, PA28 proteins lack the HbYX-motif. Thus, a direct structural change of the gate is not promoted by insertion of the C-termini. Instead, PA28 proteins utilize an internal loop structure, the activation loop, which contacts the 20S alpha subunits at Gly19 to stabilize Pro17 in a conformation, which promotes opening of the gate [40] . Three of the six proteasomal ATPases dock into the CP surface and the monomeric Blm10/PA200 activators insert into one pocket. Thus, the gate can be opened asymmetrically and without full occupancy of all seven binding pockets. PA28 activators, on the other hand, insert all of their seven C-termini.
Immunoproteasomes and thymoproteasomes
In addition to proteasome activators, higher eukaryotes also express three alternate proteolytically active subunits, Lmp2, Lmp7 and MECL-1. Lmp2 and Lmp7 were initially identified because these genes were localized in a genomic region that is responsive to cytokines. Sequence analysis of Lmp2 and Lmp7 revealed homology to proteasome β subunits [52, 53] . Their cytokine-inducible expression suggested a potential role in the generation of antigenic peptides by the proteasome and they were accordingly called immunosubunits. Later a third subunit with homology to active site subunits was identified, MECL-1. Its expression is also sensitive to cytokines [54, 55] . All three immunosubunits are incorporated into the proteasome core to form immunoproteasomes or i-proteasomes. Lmp2 replaces β1, and is thus termed β1i, whereas Lmp7 replaces β5, and MECL-1 β2. The two latter immunosubunits display essentially the same cleavage specificity as their housekeeping counterparts. Lmp2 on the other hand provides a chymotrypsin-like activity, in contrast to its constitutive counterpart, the caspase-like β1. Thus, Lmp2 incorporation both attenuates the caspase-like activity of constitutive proteasomes and amplifies the chymotrypsin-like activity beyond that of β5 or β5i alone [56] . It was suggested that increased generation of peptides with hydrophobic residues should improve MHC Class I antigen presentation, since the preferred peptides for the MHC Class I molecules are peptides with a hydrophobic C-terminal residue. Despite this there were surprisingly modest effects on the immune response in mice deleted for either one, two, or all three immunosubunits as summarized in ref. [57] . Recent studies, however, with i-proteasome deficient mice and additional cell biological and biochemical data suggest that the function of the i-proteasome might go beyond antigen presentation. A role in the clearance of oxidatively damaged proteins was proposed [58, 59] , especially during inflammation [59] , in the regulation of tumor development, in lipid metabolism [60] and in NFκB signaling [58] . Whether immunoproteasomes have the capacity to alter the clearance of ubiquitinated proteins after interferon-γ treatment, as has been proposed [59] , is currently debated [61] .
The newest member of alternate proteolytic active subunits of the proteasome has been identified during a homology search of the human and the mouse genome. The identified gene is homologous to β5 and is exclusively present in the thymus [62] . Incorporation of β5t results in a reduction of the chymotrypsin-like activity of the proteasome [62] . Current studies point to a specialized role of β5t-containing thymoproteasomes in the positive selection of CD8 + T cells [63] .
Exchangeable and substoichiometric proteasome regulators

Ubiquitin receptors
Recognition of ubiquitinated target proteins by the proteasome is achieved by two intrinsic ubiquitin receptors: Rpn10 and Rpn13 [18, 64] . In addition, several ubiquitin binding proteins serve as shuttle factors, which deliver ubiquitinated substrates to the proteasome. The shuttle factors contain both a ubiquitin binding domain (UBD) and a ubiquitin-like domain (UBL). While the UBD promotes the binding of ubiquitinated substrate proteins, the UBL domain is required for interaction of the shuttle factors with the UBDs of intrinsic ubiquitin receptors or with Rpn1. The three known shuttle factors in yeast are Rad23 [65] , Dsk2 [66] , and Ddi1 [67] .
Deubiquitinating enzymes and ubiquitin ligases
Two conserved deubiquitinating enzymes (DUBs) interact reversibly with the proteasome: Ubp6/Usp14 and UCH37/Uch2 [68, 69] . Usp14 antagonizes the degradation of ubiquitinated substrates by the proteasome [68, 70] , and likely Uch37 as well [69, 71] . In contrast, the DUB activity of the intrinsic proteasome subunit Rpn11 promotes degradation. While inactivation of the deubiquitinating activity of Rpn11 prevented the degradation of proteasome substrates [20, 21] , deletion of UBP6 results in enhanced proteasome activity [68] . These antagonistic effects of deubiquitination at the proteasome may reflect, at least in part, the nature of the cleavage site preferences of these DUBs. While Ubp6 and UCH37 are thought to remove ubiquitin preferentially from the distal end of the chain [68, 71] , Rpn11 appears to cut at the base of the chain, thus removing the chain en bloc. Rpn11 is located within the proteasome RP close to the ATPase ring [15, 16] , so that active translocation of the substrate by the ATPases should presumably present the chain to Rpn11, while at the same time carrying it away from the distally located Ubp6/Usp14. Once such translocation has initiated, the substrate is likely no longer dependent on the ubiquitin chain for proteasome binding, and therefore deubiquitination by Rpn11 does not suppress substrate degradation. Ubp6 on the other hand associates with Rpn1 at the outer surface of the proteasome [15, 72] . Thus, the effect of chain removal by Ubp6/ Usp14 on proteasome-substrate affinity cannot be compensated by the interaction of substrate with the ATPases. Consequently, it is thought that the action of UBp6/Usp14 can result in premature release of the substrate from the proteasome.
The importance of DUB activity first became evident from studies on the cellular effects of loss of UBP6 in yeast. In the absence of Ubp6, cells acquire pleiotropic sensitivity to stress, accompanied by ubiquitin deficiency [73] . These data suggest that if ubiquitin chains are not trimmed from the distal end by DUBs, a high fraction of ubiquitin escapes the DUB activity of Rpn11 and is degraded along with the conjugated substrate, resulting in depletion of the cellular ubiquitin pool.
The inhibitory function of Ubp6 on the degradation of proteasomal substrates is antagonized by a HECT domain ligase, Hul5, which similarly associates with the proteasome [74] . Loss of HUL5 results in reduced degradation of ubiquitinated proteasome substrates and the data suggest that proteasome-associated Hul5 has an important role in extending existing ubiquitin chains, the defining characteristic of E4 ligases [74] . Longer ubiquitin chains show increased affinity for the proteasome [3] , suggesting a simple mechanism by which Hul5 facilitates proteasome-mediated substrate degradation. This hypothesis is supported by a recent study, which demonstrated that Hul5's activity is crucial during heat stress, particularly for low-solubility substrates [75] .
Several additional ubiquitin ligases have been found to interact with both yeast and mammalian proteasomes, such as Ubr1 and Ufd4 [76] , RNF2 [77] , SNEV [78] , SCF and APC complexes [79, 80] and Parkin [81] . In most cases, proteasome association is thought to enhance substrate turnover by eliminating the need for a ubiquitinated protein to migrate to the proteasome [82] . If the interval between ubiquitination and proteasome binding is substantial, the ubiquitin chains could be released from the substrate by deubiquitinating enzymes. An exceptional case among proteasome-associated ligases is Parkin, which appears to modulate proteasome assembly [81] .
Substoichiometric HbYX motif-containing proteasome modulators
As described above, the HbYX motif found in three of the six proteasomal ATPases, as well as in Blm10, mediates CP binding and gate opening. HbYX-motifs have been identified in the C-termini of other proteins as well. While the HbYX-motifs of the CP chaperones Pba1-Pba2 promote binding to inactive, immature CP subcomplexes and do not activate mature 20S [83] , two other studies report on a proteasome activation function for proteins containing this motif: the Drosophila protein DmPI31, and Cdc48 isolated from the archaeon Thermoplasma acidophilum. PI31 was previously described as a proteasome inhibitor [84, 85] . Recent studies, however, suggest alternate functions for PI31. Overexpression of PI31 in mammalian cells did not result in decreased proteasome activity and a role for PI31 specifically in immunoproteasome formation was proposed [86] . In Drosophila, overexpression of DmPI31 increased proteasome activity in vivo and rescued the adverse effects of proteasome inhibition [87] . In vitro studies with purified DmPI31 revealed that the protein activates 26S proteasomes but inhibits the CP. The ability of PI31 to stimulate proteasome activity is regulated by the F box protein Nutcracker, a component of the SCF E3 ligase complex in Drosophila. Nutcracker, however, does not promote turnover but rather stabilizes PI31 [87] .
Cdc48/p97 is a conserved hexameric ring-shaped AAA ATPase complex whose function is intimately tied to the ubiquitin-proteasome system. Its functional characteristics resemble those of the proteasomal ATPases: ubiquitin binding and protein unfoldase activity mediated by ATP-hydrolysis [88] . Cdc48 has been observed to remove ubiquitinated proteins from insoluble structures and from membrane-bound states [89] . Curiously, the Cdc48 C-terminus comprises a conserved HbYXmotif. A recent study revealed that archeal Cdc48 can dock onto the CP and can activate its peptidase activity [28] . The same activities have been shown for murine Cdc48, which can collaborate with murine CP [90] . Whereas Cdc48 has generally been envisaged as functioning upstream of the proteasome, delivering ubiquitinated proteins to the proteasome holoenzyme to be degraded, these studies [28, 90] raise the interesting possibility that Cdc48-CP can also function as an alternative form of the proteasome.
Transcriptional regulation of the proteasome
Rpn4
Proteasomes are abundant cellular constituents. However, under proteotoxic stress the basal level of proteasomes can become limiting for cell survival. To adapt proteasome levels to the cellular need for removal of damaged proteins, eukaryotic cells respond through transcriptional upregulation of proteasomal genes. This process involves coordinate upregulation of all proteasome genes, and is conserved across species [91, 92] . In S. cerevisiae the mechanisms that regulate proteasome expression are well understood. A single transcription factor, Rpn4, which binds to Proteasome Associated Control Elements (PACE) present in the promoter of all proteasome genes [93, 94] , is required for the adaptive expression of proteasomal subunits (though not all Rpn4 target genes encode proteasome components) [95] . Rpn4 is a C2H2-type zinc finger-containing transcription factor. The transcriptional activity of Rpn4 is regulated by a negative feedback loop [96] (Fig. 2) . Under normal growth conditions Rpn4 has a very short half-life of~2 min and is degraded by the proteasome via ubiquitin-dependent and ubiquitinindependent pathways [97] . Ubiquitin-dependent degradation of Rpn4 is mediated by the E3 ligase Ubr2 [98] . Additional regulation of Rpn4 abundance is achieved via transcriptional control of the RPN4 gene. Binding sites for Hsf1, the major regulator of proteins involved in alleviating heat stress, for Yap1, a transcription factor involved in upregulating detoxifying enzymes during oxidative stress, and for Pdr1 and Pdr3, which mediate pleiotropic drug resistance, are all present in the promoter of RPN4 [99] . Activation of RPN4 transcription by these stressinducible transcription factors ensures that diverse proteotoxic stresses result in upregulation of proteasome levels.
Nrf1/Nrf2/SKN-1
In mammals, short-term treatment of cells with proteasome inhibitors results in the upregulation of proteasomal genes. Two studies link the nuclear factor erythroid derived 2-related factors 1 (Nrf1) to the regulation of this response [100, 101] , while other findings implicate Nrf2 in the stress-responsive regulation of proteasomal genes [102] [103] [104] [105] . Both transcription factors belong to the Cap'n'Collar (CNC) transcription factor family, characterized by a unique basic leucine zipper domain. Nrf1 and Nrf2 regulate a large number of genes involved in antioxidant and xenobiotic defense [106] . A common promoter element in genes recognized by Nrf1 and Nrf2 is the antioxidant response element (ARE) [107] . They are therefore thought to have overlapping transcriptional activity, although differing strongly in their regulatory mechanisms, cellular localization, and in the phenotypes of the respective knockout mice. Nrf1 is an integral membrane protein of the endoplasmic reticulum (ER) [108] , while Nrf2 is localized within the cytoplasm and at mitochondria under non-inducing conditions [109] . Nrf1 ablation in mice results in developmental defects and lethality caused by impaired liver erythropoiesis [110] , while Nrf2 −/− mice develop normally but are highly sensitive to oxidative stress. Nrf2 −/− mice also develop neurodegenerative disorders, cancer, and autoimmune disease [111, 112] . Both Nrf proteins are regulated at the protein level via proteasome-mediated degradation. The ligases SCF βTrCP and Hrd1 have been found to be required for Nrf1 turnover [113] whereas a Cul3 family ligase that uses the KEAP protein for substrate recognition is required for regulated Nrf2 turnover [101, 114] . Although adaptive proteasome gene upregulation involves Nrf1 or Nrf2 activity, it is unclear yet whether these factors bind directly to proteasomal gene promoters. Putative AREs have been identified in proteasomal genes [100, 101] , however, direct recruitment has not been shown, and a transcriptional analysis of liver-directed ablation of Nrf1 in mice did not alter the transcript levels of proteasomal genes [107] .
Similarly to the response of mammalian cells to proteasome inhibition, reduced expression of proteasome genes in C. elegans activates SKN-1, the worm ortholog of Nrf1 and Nrf2 [115] , and short-term proteasome inhibition leads to a compensatory upregulation of proteasomal genes via SKN-1 [116] . SKN-1 dependent upregulation of proteasomal genes is also observed upon treatment of C. elegans with H 2 O 2 [117] . Furthermore, as described for Nrf2, SKN-1 levels are regulated by a cullin E3 ligase [118] . Interestingly, chromatin-IP (CHIP) experiments revealed that SKN-1 was bound to most proteasomal gene promoters during the L1 larval stage [119] . Recent studies suggest that the role of SKN-1 in regulating proteasome gene expression in response to proteotoxic stress is tissue specific and is coupled to the regulation of factors required for correct protein translation [116] .
In summary, the data discussed provide compelling evidence that CNC transcription factors might be involved in the adaptive transcriptional regulation of proteasome genes. Furthermore, negative feedback regulation as described for Rpn4 in yeast appears to be conserved as well in higher eukaryotes (Fig. 2). 
FoxO/DAF-16
Recent evidence suggests that the role of SKN-1 in the regulation of proteasomal genes might depend on the reproductive state in worms. In germline-ablated (glp-1[e2141]) mutants, proteasomal gene transcription was independent of SKN-1. The mutants exhibited elevated proteasome levels, which were lost upon knocking down the FoxO transcription factor DAF-16 but not SKN-1 [120] . While previous studies demonstrated that FoxO transcription factors are regulated by proteasome-mediated degradation [121] the effect of DAF-16 on proteasome expression in germ line deleted worms represents the first evidence that DAF-16 might be involved in the regulation of proteasomal function. In contrast to Nrf1/2/SKN-1, which appear to be involved in the regulation of all proteasomal genes, however, only one proteasome subunit was found to be up-regulated in glp-1(e2141) mutants, RPN-6. Proteasome levels, however, remained unchanged. The authors argue that due to the specific topology of Rpn6 within the 26S proteasome, the positioning of which suggests a role in helping to bridge the RP and CP [15, 19] , elevated RPN-6 levels might have a positive effect on the overall activity of the proteasome [120] .
FoxO also induces increased proteolysis in atrophic muscles. While the major target for FoxO during muscle atrophy is the lysosomal arm of cellular proteolysis, it also activates certain E3 ligases, termed atrogenes and thus stimulates proteasomal degradation of muscle proteins [95, 122] .
Post-translational modifications of the proteasome
Large-scale studies to define the phospho-proteome as well as other post-translational modifications both in yeast [123] and in higher eukaryotes [124] revealed that almost all proteasome subunits as well as the activators PA28 and Blm10 are phosphorylated. In addition, acetylation, myristoylation, ubiquitination, modification with O-linked N-acetyl-glucosamine (O-GlcNAc), S-glutathionylation and oxidation of proteasome subunits have been detected. Accumulating evidence suggests that these modifications might modulate proteasome activity. O-GlcNAc and oxidation results in proteasome inactivation [125] [126] [127] [128] . Myristoylation of Rpt2 affects the localization of the proteasome [129] . Mono-ubiquitination of Rpn10 regulates substrate recruitment and interaction with proteasome shuttle factors [130, 131] . Reversible S-glutathionylation of cysteines in CP α subunits were found to activate isolated CP, an effect that was caused by gate opening [132] . Nuclear mammalian CP was also found to be poly-ADP ribosylated. This modification enhanced the activity of the CP towards fluorogenic peptides and oxidized histones [133] and ADP-ribosylation of PI31 regulates its interaction with the proteasome and affects proteasome assembly [134] .
Several reports document both activating and inactivating functions for the phosphorylation of proteasome subunits, depending on the kinase. In vitro and in vivo studies propose a positive effect of protein kinase A (PKA) activity on proteasomal function [135] [136] [137] . PKA also influences proteasome assembly [138] . In neurons phosphorylation of Rpt6 by Ca 2+ /calmodulin-dependent protein kinase II α (CaMKIIα) results in increased proteasome activity and function [139] . Rpt6 phosphorylation has also been implicated in regulating proteasome assembly [140] .
An inhibitory role for proteasome phosphorylation was proposed by a study that found the kinases c-Abl and Arg tyrosine kinase to interact with the proteasome and to phosphorylate α4, which led to a reduction in proteasome activity [141] . Similarly, phosphorylation of Rpn2 by p38 MAPK inhibited the activity of 26S proteasomes during osmotic stress [142] . Opposing effects of proteasome phosphorylation are also evident from studies focused on protein phosphatases. Phosphatase PP2A was reported to activate proteasome activity [143] , whereas phosphatase UBLCP1, which contains a UBL domain, is recruited to the proteasome and inhibits proteasome assembly as well as its catalytic activity [144] .
In summary, the post-translational modifications of the proteasome and their effects on its assembly, localization, and function are complex and provide a significantly increased layer of complexity to known proteasome regulatory mechanisms, which might fine tune proteasome function to specific cellular environments and cellular demands.
The proteasome as a therapeutic target
Cancer
Over the last decade, the potential applications of proteasome inhibition in disease have been explored extensively. Due to its broad impact on cellular functions, the proteasome was initially not considered to be a good target for the development of clinical drugs. Indeed, proteasome inhibition, if severe, disrupts the cell cycle and cellular protein homeostasis. Cells also activate cell death programs and apoptosis in response to prolonged proteasome inhibition. However, early studies demonstrated that certain types of cancers are exquisitely sensitive to proteasome inhibition [145, 146] . Subsequent work revealed that numerous cancer types exhibit an aberrant function of the UPS [7, 147] and thus treatment with proteasome inhibitors might prove to be a successful strategy.
Initial studies with the peptide boronate proteasome inhibitor PS-341 (now called velcade or bortezomib) showed that the drug exhibited clinical activity especially towards hematologic malignancies [148, 149] . Bortezomib is a reversible inhibitor, which preferentially blocks the chymotryptic activity of the proteasome [150] . In 2003 bortezomib was approved by the US Food and Drug Administration (FDA) for the treatment of refractory multiple myeloma. It also exhibits efficacy in non-small cell lung cancer, mantle cell lymphomas and pancreatic cancer [151] . Bortezomib treatment, however, leads to the development of resistance. Adverse side effects include peripheral neuropathy, gastrointestinal problems, thrombocytopenia, asthenia, cardiac and pulmonary disorders and pain [151] . Thus, the development of new UPS-related drugs with reduced toxicity is desirable.
Several second-generation proteasome inhibitors are currently in clinical trials both for the treatment of hematologic malignancies and for solid tumors. Most of these newly developed inhibitors also inhibit the chymotrypsin-like activity of the proteasome, like bortezomib, but show increased chemical stability, different binding affinities for the proteasome as well as altered toxicities in the clinic [150] . Accelerated approval by the FDA was granted to the proteasome inhibitor carfilzomib in 2012 for the treatment of patients with multiple myeloma, which failed to respond to prior therapies. Carfilzomib has shown efficacy in bortezomib-resistant multiple myeloma patients [152] . In contrast to bortezomib, carfilzomib is an irreversible peptide epoxyketone inhibitor [152] . For a detailed description of current research on proteasome inhibitors see ref. [150] .
Immune-related diseases
At the organismal level, proteasome inhibition results in decreased inflammatory and immune responses, with cell migration and cell adhesion being compromised [151] . The effects of proteasome inhibition on the immune system owe in part to the fundamental role of the proteasome in antigen presentation. A commonly observed toxicity during clinical administration of bortezomib is lymphopenia [149] , thus bortezomib apparently has suppressive or toxic effects on the T-cell compartment. Subsequent studies showed that proteasome inhibition leads to T-cell apoptosis [153] . Activated T-cells are more susceptible to proteasome inhibition than resting T-cells [154] , suggesting that proteasome inhibition might be a successful strategy to treat diseases involving activated T-cells, such as graft-versus-host disease (GVHD). Proteasome inhibition also results in depletion of alloreactive T-cells, whereas the immune defense against pathogens remains intact [154] , suggesting that proteasome inhibition might be a viable strategy for the treatment of autoimmune diseases. These hypotheses are under investigation with several successful preclinical studies in mouse models for autoimmune encepahlomyelitis, GVHD, arthritis, colitis, systemic lupus erythematosus, myastenia gravis and allograft rejection [155] .
Alternate forms of the three proteolytically active β subunits are incorporated into the proteasome CP in response to cytokines to generate the immunoproteasome (i-proteasomes). Recently the crystal structure of the i-proteasome has been solved [56] , demonstrating that the active site architecture of the inducible subunits differs from that of the constitutive counterparts. This has allowed the synthesis of immunoproteasome specific inhibitors. Since i-proteasomes represent a minor fraction of the proteasome population and are found predominantly in cells involved in the immune response, it is expected that treating patients with inhibitors that specifically inhibit the i-β subunits, but not the constitutive proteasomes, should result in reduced toxicity [150] . In initial studies utilizing these novel proteasome inhibitors, they were found to inhibit the growth of multiple myeloma cell lines and exhibit anti-inflammatory and immunosuppressive effects [156, 157] .
Neurodegenerative diseases
A unifying characteristic of neurodegenerative diseases is the deposition of aggregated, misfolded proteins. This is true of Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), Amyotrophic lateral sclerosis (ALS) and spongiform encephalopathies. Aggregation can occur in the cytoplasm, the nucleus or in the extracellular space. If unchecked, the accumulation of misfolded protein can disrupt cell and tissue function. Protein aggregation in general may be an indication of a compromised proteostasis network. Therefore, a wide body of research has assessed the role of the UPS in these diseases. This review will focus on the involvement of the proteasome in neurodegenerative diseases. The effect of the ubiquitination machinery has been discussed in detail previously [158] .
Alzheimer's disease is the most prevalent neurodegenerative disease. It is estimated that~30% of the human population over 85 years old show pathological signs of AD [159] . AD is characterized by progressive loss of cognitive function and dementia, resulting in memory loss, personality changes, psychosis, and language disturbances. The progressive intellectual decline in AD patients is accompanied by an increase in the deposition of protein aggregates that eventually form intracellular neurofibrillar tangles (NFT) and extracellular senile/amyloid plaques [160] . The major component of NFTs is hyperphosphorylated tau, while senile/amyloid plaques contain mostly amyloid-β (Aβ). The latter is produced via endoproteolytic cleavage of the membrane-associated amyloid precursor protein (APP). Aβ aggregates in the extracellular space after incorrect cleavage of APP by processing proteases, the secretases [161] . While not directly participating in the generation of Aβ or the elimination of extracellular Aβ, the UPS may, according to previous reports, be involved in the degradation of APP via the endoplasmic reticulum-associated degradation (ERAD) arm of the UPS [162] and intracellular Aβ aggregates appear to inhibit the UPS [163] .
The second protein associated with Alzheimer's disease, tau, is a structural protein, which associates with microtubules and has a role in axonal transport [164] . Tau is an intrinsically unstructured protein and in vitro degradation experiments with purified components showed that tau can be degraded by the CP without prior ubiquitination [26, 165] . ATP-dependent unfolding by the RP is also not required for in vitro proteasome-mediated degradation of tau. However the relevance of these observations to tau degradation within cells is not established.
For example, in cells tau could be associated with other factors that serve to suppress this potential pathway of degradation. Proteasome activator Blm10 can also accelerate in vitro tau degradation [26] . Whether PA200, the human counterpart of Blm10, plays a similar role in tau degradation remains to be established.
Studies of tau turnover within cells point to roles for both autophagy and the UPS. There is little consensus on the relative importance of these pathways, possibly reflecting that, in the case of tau, the balance between autophagy and the proteasome will depend on cell type, tau overexpression, and similar experimental variables. Moreover, distinct pools of tau may be degraded differently. For example, hypoacetylated tau is a preferred substrate of the UPS [166, 167] . Also, when tau is not bound to microtubules it readily associates with Hsp70, where it may encounter the ubiquitin ligase CHIP, which can ubiquitinate tau and target it to the proteasome [168, 169] . Tau degradation can also be promoted when deubiquitination by the proteasome-associated deubiquitinating enzyme Usp14 is inhibited [166] . The dependence of tau degradation on CHIP and Usp14 indicates that in cells tau degradation by the proteasome is ubiquitin-dependent, although whether it is fully ubiquitin-dependent remains to be clarified. See reference [166] for a comprehensive discussion of the literature of tau degradation.
Co-immunoprecipitation experiments revealed that fibrillar tau coprecipitated with the proteasome, and proteasome activity was significantly reduced in AD patients, as compared to age-matched controls [170] . These data suggest that aggregated tau might inhibit proteasomal activity, which, due to the pleiotropic effects of proteasome function within cells, could contribute to the pathology of AD.
Parkinson's disease is a prevalent age-related neurodegenerative disorder affecting~3% of the human population over 65 years. The typical symptoms of PD are rigidity, shaking and slowness of movement. The characteristic pathology found in PD patients involves Lewy Bodies in dopaminergic neurons in the substantia nigra of the brain. The major components of Lewy Bodies are α-synuclein, chaperones, ubiquitin, the E3 ligase parkin, and other proteins involved in the UPS. As tau, α-synuclein monomers are unfolded [171] and can be degraded by the 20S core particle without prior ubiquitination and in the absence of the RP [172] . Other studies, however, showed that depletion of the proteasome subunit Rpt2 results in accumulation of α-synuclein and the development of Lewy Body-like inclusions in mice, suggesting a role for the RP in α-synuclein degradation [173, 174] . This hypothesis is supported by a recent study of German PD patients, which found that variations in the gene PSMC4/Rpt3 correlated with the age of PD onset [175] .
Huntington's disease is the best-studied example of a group of disorders, called polyglutamine (polyQ) diseases. Other diseases with the same pathological mechanism are spinocerebrellar ataxia and spinal and bulbular muscular atrophy [176] . HD is an autosomal dominant disease, which is characterized by motor dysfunction, cognitive decline and psychosis. The disease is caused by an expansion of a CAG triplet repeat region in the huntingtin (Htt) gene through out-of-register recombination between repeat elements, leading to an expansion of a poly-glutamine stretch in the N-terminal domain of Htt [177] . The Htt proteins of healthy individuals contain 6-35 glutamines, whereas a poly-glutamine stretch of N 40 triggers the development of HD pathology [178] . Furthermore, disease progression correlates with the length of the polyQ expansion. At the structural level, expansion of glutamine stretches with more than 40 glutamines results in fibril formation and aggregation [179] . Aggregated mutant Htt is found in intracellular inclusion bodies in neurons. Although wild-type Htt has been associated with a variety of cellular functions such as transcriptional regulation and axonal transport, HD is most likely not caused by Htt loss of function, but rather by a toxic gain of function of the aggregated mutant form. This hypothesis is supported by the finding that expression of polyQ peptides in mice caused HD-like symptoms [180] .
As in AD and PD, inclusions formed by mutant Htt contain both ubiquitinated proteins and proteasome subunits. Aggregated Htt itself was found to be ubiquitinated [181] . In contrast, soluble mutant Htt showed little cross reactivity with anti-ubiquitin antibodies [182] . Proteasome activity was reduced in brains derived from HD patients and in mice models, but the origin of proteasome dysfunction remains debated. Interestingly, while the chymotrypsin-like and the caspaselike activity were reduced, the trypsin-like activity was markedly enhanced in post-mortem HD brains and in a mouse knock-in model with Htt111Q [183] . The trypsin-like activity is required for the cleavage after positively charged amino acids but also after glutamine and asparagine. Apparently the upregulation of trypsin-like activity is unable to compensate for the overall loss of proteasome activity as ubiquitinated reporter proteins accumulate upon expression and aggregation of mutant Htt [184] .
Several models for impaired proteasome function in HD have been proposed. Proteasomes were found sequestered in Htt inclusion bodies, which could explain the overall reduction in UPS function [185] . One in vitro study suggested that the proteasome might not be able to cleave within polyQ stretches and that the released polyQ stretch would clog the CP [186] , while a second in vitro study was not in agreement [187] . A subsequent, carefully designed study found that Htt aggregates do not impair the general capacity of the proteasome to degrade ubiquitinated substrates [182] . The authors concluded that proteasome dysfunction might not originate from an inhibitory effect of the mutant Htt oligomers on the proteolytic capacity of the proteasome, but rather from a general proteostasis collapse. Whatever the cause of proteasome dysfunction, enhancement of proteasome activity may be beneficial in cells challenged by polyQ-Htt, since upregulation of PA28γ transcription improved cell survival in a cellular HD model [188] .
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder affecting motor neurons. Familial ALS has been linked to mutations in numerous genes [189] . Ubiquitinated inclusions are found within motor-neurons in both familial and sporadic forms of the disease, suggesting possible dysfunction of the ubiquitin-proteasome pathway in ALS, whether in a causative role or otherwise. Interestingly, mice with a conditional knockout of proteasome subunit Rpt3 in motor neurons exhibited ALS-like pathology, particularly the accumulation of protein aggregates with signature components of ALS inclusions, such as the TDP-43 and FUS proteins [190] . These findings suggest that altered turnover of proteasome substrates may play a significant role in the pathogenesis of ALS. A parallel experiment in which autophagy was eliminated in motor neurons showed no such phenotypic effects [190] , arguing for the specificity of the results and for a distinct importance of the proteasome in motor neurons.
There is currently no effective treatment available that could cure or substantially delay the progression of the neurodegenerative diseases described above. These diseases are however, generally thought to be characterized by decreased activity of the UPS. Therefore, drug development strategies resulting in an increase of the proteolytic capacity of the proteasome might be beneficial for disease progression. One specific approach to this involves small-molecule inhibitors of Usp14 activity [70] . Alternatively, one may envisage upregulation of proteasomal gene expression, upregulation of proteasomal activators such as PA28 or PA200 or the identification of small molecules that can activate the CP by inducing gate opening.
Cardiomyopathies
Similar to neurological toxicity and altered immune response, treatment of patients with bortezomib also led to an unexpected increase in cardiac dysfunction such as arrythmia or congestive heart failure [191] . These observations are supported by reports, which demonstrate that the UPS plays a major role in cardiac physiology and disease. Cardiac diseases, especially hypertrophic and dilated cardiomyopathies as well as ischemic heart diseases, are characterized by increased oxidative damage to proteins, elevated levels of ubiquitinated proteins and proteasome dysfunction [192] . A reduction of proteasome function is most clearly associated with myocardial ischemia/reperfusion (I/R) injury [126] . Short term and low level local treatment with proteasome inhibitors led to controversial results. Both beneficial and detrimental outcomes have been reported (reviewed in [192] ).
In a recent study, a causal link between proteasome dysfunction and the progression of myocardial I/R injury has been established. The authors created a transgenic mouse line in which a catalytically inactive β5 subunit (β5T1A) was expressed in the heart at low levels. Under normal conditions there were no cardiac changes observed in the transgenic animals. However upon I/R injury increased cardiac damage was observed [193] . Interestingly, the same animal model was used to test the hypothesis that increased proteasome activity might ameliorate I/R injury. To that end the authors created a transgenic mouse line, which overexpressed the proteasome activator subunit PA28α in the heart and found that increased proteasome activity protected the animals against I/R injury [194] . In a mouse model for desmin-related cardiomyopathy (DRC) cardiac-restricted overexpression of PA28α also reduced cardiac hypertrophy and extended the lifespan of the animals [194] . These studies indicate a significant involvement of proteasome activity in cardiac function during I/R injury and in DRC.
Aging
A hallmark of aging is the progressive accumulation of damaged macromolecules and a progressive decline in the function of the cellular proteostasis network. A critical component of the proteostasis network in aging cells is the proteasome. Many reports describe a decline in proteasome function in aging cells, tissues and organisms (reviewed in [195] ). Age-related proteasome dysfunction occurs at many levels, involving reduced expression of proteasome subunits [196] , oxidative damage resulting in reduced proteolytic activity [126, 128] , and dissociation of the holocomplex [128, 197, 198] . One view is that aggregated proteins might form nonproductive complexes with the proteasome and thus reduce its activity [199] . The importance of maintaining proteasome function in aging organisms is highlighted by a recent transgenic mouse model for proteasome dysfunction. In this model the housekeeping β5 subunit was replaced with β5t, a thymusspecific variant. As described above, proteasomes with incorporated β5t have reduced chymotrypsin-like activity. The transgenic mice exhibited signs of premature aging and had a significantly shorter lifespan [200] .
Interestingly, several studies with exceptionally long-lived humans (centenarians) and animals reported increased proteasome activity. Proteasome expression and activity in fibroblasts derived from healthy centenarians were compared to fibroblasts from young and old control donors. Proteasome functionality in fibroblasts derived from centenarians resembled that of young donors [201] . Increased proteasome capacity was also observed in the exceptionally long-lived naked mole rat [202] , a long-lived bat species [203] , and in the giant clam, an exceptionally long-lived invertebrate [204] .
The data above suggest that sustained proteasome activity might correlate with the lifespan of an organism. This hypothesis has found support through genetic approaches in several model organisms. Overexpressing of the proteasome chaperone Ump1 led to increased survival of yeast cells in stationary phase [205] , a model for postmitotic aging. Overexpression of β5 in primary human embryonic fibroblasts or of Rpn11 in Drosophila [206] extended lifespan. The latter reports suggest that increased expression of a single proteasome subunit can promote proteasome assembly, perhaps reflecting that these subunits are limiting for assembly in wild-type cells. A recent study utilized information on transcriptional regulation of the UPS to elevate the proteasome constitutively by stabilizing a transcription factor that regulates the adaptive increase in proteasome expression in response to proteotoxic stress. In yeast, deletion of UBR2, the E3 ligase, which controls the levels of Rpn4, leads to constitutive upregulation of the UPS, enhanced proteasome capacity and a 70% increase in replicative lifespan [207] . These data suggest that enhanced proteasome activity might slow aging.
There are some common features of these studies that are worth noting. First, it does not as yet seem that any one method of enhancing proteasome function is unique in its ability to provide for enhanced stress resistance and lifespan. Secondly, enhanced proteasome activity has at least to date not been linked to detrimental effects on cell survival and regulation.
Perspectives
As the field of ubiquitination developed, the proteasome was seen as neither selective in its activity, nor rate limiting for degradation, nor subject to significant regulation. Prevailing views on these topics have changed radically, as proteasome levels and activity have over the past ten years been shown to be subject to fine control via a vast array of mechanisms, as described above. The existence of these mechanisms may be taken as a sign that the output of the proteasome is a central control point for protein degradation. The nature of these mechanisms also indicates that cellular regulation and survival can tolerate adjustments in proteasome activity, despite its importance in many aspects of cell function. These considerations have been highlighted especially by the success of proteasome inhibitors as anticancer agents.
Despite the clinical utility of proteasome inhibitors, one may imagine that enhancing proteasome activity could also have therapeutic benefits in the proper context. Tens of diseases, many of them major, are caused by toxic and often mutated proteins, the effects of which could be neutralized if their levels could be reduced through enhancing proteasome activity. Imbalanced protein homeostasis is common among neurodegenerative diseases and cardiomyopathies, and proteostasis collapse also is evident in aging cells. These diseases are frequently characterized by increased damage to the cellular protein pool, intracellular protein aggregation, and reduced proteasome activity. An attractive hypothesis for potential treatment of these diseases is to upregulate components of the proteostasis network. In the last few years increasing efforts have begun to test whether proteasome up-regulation might be a viable approach for alleviating these diseases and the published studies in different disease models and organisms are encouraging.
A number of distinct strategies may be taken to enhance proteasome activity. Among the most appealing is to inactivate endogenous proteins that serve to suppress proteasome activity. Since ubiquitin targets substrates to the proteasome, deubiquitinating enzymes are natural antagonists of the proteasome. In particular, deubiquitinating enzymes Uch37 and Usp14, being physically associated with the proteasome, may suppress proteasome activity through deubiquitinating a subset of ubiquitinated substrates, once the substrate is docked at the proteasome. Specific, small molecule mediated inhibition of proteasomal deubiquitinating enzyme Usp14 has been reported [70] . Proteasomes are also under negative control by the gate element of the CP, which is regulated by proteasome activators. Any compound or strategy that promotes the open state of this structure may stimulate the degradation of either canonical, ubiquitin-dependent proteasome substrates or noncanonical, ubiquitin-independent substrates. In general this approach may allow for substrates to bypass the proteasome holoenzyme, with differential activation of the free form of the CP, which is normally held under tight negative control. Direct activation of the CP would be predicted to favor the degradation of unfolded substrates of the proteasome. A final possible approach to stimulate proteasome activity is to increase its level via transcriptional up-regulation. It remains unclear however, whether transcriptional circuitry that is dedicated specifically to the proteasome exists in humans. In summary, these various approaches to proteasome modulation will be distinguished in their relative feasibility and in the specificity of the effects that they achieve. Although our understanding of physiological proteasome regulation and of the potential therapeutic opportunities in up-regulating the proteasome with small molecules is still at an early stage, the next few years should provide exciting new information and a sharper vision of the implications of proteasome modulation for the treatment of human disease.
